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Chapter 12: Infrared 
Spectroscopy and Mass 
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Introduction 


°Spectroscopy is a technique used to determine 
the structure of a compound. 


°Most techniques are nondestructive (destroys 
little or no sample). 


eAbsorption spectroscopy measures the amount of 
light absorbed by the sample as a function of 
wavelength. 
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Types of Spectroscopy 


Infrared (IR) spectroscopy measures the bond 
vibration frequencies in a molecule and is used to 
determine the functional group. 


*Mass spectrometry (MS) fragments the 
molecule and measures the mass. MS can give the 
molecular weight of the compound and functional 
groups. 


*Nuclear magnetic resonance (NMR) 
Spectroscopy analyzes the environment of the 
hydrogens in a compound. This gives useful clues 
as to the alkyl and other functional groups 
present. 


*Ultraviolet (UV) spectroscopy uses electronic 
@ transitions to determine bonding, patterns. 
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Wavelength and Frequency 


wavelength 
r 


eThe frequency (v) of a wave is the number of 
complete wave cycles that pass a fixed point ina 
second. 


*Wavelength (A) is the distance between any two 
peaks (or any two troughs) of the wave. 
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Electromagnetic Spectrum 


°*Frequency and wavelength are inversely 


roportional. . ‘ 
a C=)v N=clv 


where cis the speed of light (3 x 10?° cm/sec). 


eEnergy of the photon is given by 
E=hv 


where / is Planck’s constant (6.62 x 10-3’ kJ*sec). 
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The Electromagnetic Spectrum 


Wavelength (X) Region Energy 
higher frequency cm kJ/mol 
shorter wavelength 10-9 gamma rays 107 


10-4 , 10? 
10°3 AR ie 
| , l 
10° 
102 . -4 
lower frequency 104 radio - ; 


longer wavelength 


Molecular effects 


ionization 


electronic transitions 


molecular vibrations 


rotational motion 


nuclear spin transitions 
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The Infrared (IR) Region 


°From right below the visible region to just above 
the highest microwave and radar frequencies 


*Wavelengths are usually 2.5 x 10-7 to 
25 xX 10% cm. 


eMore common units are wavenumbers, or cm-? 
(reciprocal centimeters). 


eWavenumbers are proportional to frequency and 
energy. 
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Molecular Vibrations 


spring force spring force —_> <x 
> <—_ <—_—  — >» <_—_—_. ie 
stretched compressed equilibrium 
bond length 


elf the bond is stretched, a restoring force pulls the 
two atoms together toward their equilibrium bond 
length. 


°Ilf the bond is compressed, the restoring force 
pushes the two atoms apart. 


elf the bond is stretched or compressed and then 
released, the atoms vibrate. 
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Bond Stretching Frequencies 


TABLE 12-1 
Bond Stretching Frequencies 


In a group of bonds with similar bond energies, the frequency decreases with increasing 
atomic weight. In a group of bonds between similar atoms, the frequency increases with bond 
energy. The bond energies and frequencies listed here are approximate. 


Bond Bond Energy [kJ (kcal)] Stretching Frequency (cm~') 


Frequency decreases with increasing atomic mass 


(C15 420 (100) 3000 
(CD) [navi atoms 420 (100) 2100 [ decreases 
GS] E 350 (83) 1200 
Frequency increases with bond energy 
(C=C 350 (83) 1200 
c=C 611 (146) | seonzer bond 1660 [ increases 
C=C 840 (200) 2200 
CSN 305 (73) 1200 
C=N 615 (147) | sronger bond 1650 | v increases 
C=N 891 (213) 2200 
(C—() 360 (86) | stronger bond 1100 | Vv increases 
C=O 745 (178) 1700 


*Frequency decreases with increasing atomic 
mass. 


°Frequency increases with increasing bond energy. 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 10 


Vibrational Modes 


/@Q.  @» 
", so ™ a 


symmetric stretching antisymmetric stretching bending (scissoring) 


eA nonlinear molecule with n atoms has 3n - 6 
fundamental vibrational modes. 


eWater has 3(3) - 6 = 3 modes. Two of these are 
stretching modes, and one is a bending mode 
(Scissoring). 
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Fingerprint Region of the 
Spectrum 


*No two molecules will give exactly the same IR 
Spectrum (except enantiomers). 


°Fingerprint region is between 600 and 1400 cm:! 
and has the most complex vibrations. 


°The region between 1600 and 3500 cm'thas the 
most common vibrations, and we can use it to get 
information about specific functional groups in the 
molecule. 
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Effect of an Electric Field ona 
Polar Bond 
(4)——_@) represented as CYTO) 


t force on + 
in direction of field 


force on + 
E in direction of field E 
molecule compressed molecule stretched 
; ipole moment decreased ; dipole moment increased 
electric ; electric 
field force on - field 


opposite direction 


ia force on - 
of field 


i opposite direction 
of field 


°A bond with a dipole moment (as in HF, for example) is 
either stretched or compressed by an electric field, 
depending on the direction of the field. 


°Notice that the force on the positive charge is in the 
direction of the electric field (E) and the force on the 
negative charge is in the opposite direction. 
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The Infrared Spectrometer 


detector 


reference 
cell 


monochromator 


_ 3 


glowing 
wire light 
source transmitted 


— y 


sample beam chart recorder 
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FI-IR Spectrometer 


fixed mirror 


Has better sensitivity 
eLess energy is needed 
from the source. 
*Completes a scan in 1 to 
2 seconds 
°Takes several scans and ee a 
averages them 
°*Has a laser beam that 

keeps the instrument sample 
accurately calibrated 


; He-Ne laser 
beam splitter 


laser calibration 
beam 


detector 
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The Interferogram 
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°The interferogram Is said to be in the time domain. 


eA standard computer algorithm (Fourier transform) converts 
the time domain to the frequency domain. 
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Carbon-Carbon Bond 
Stretching 


¢Stronger bonds absorb at higher frequencies 
because the bond ts difficult to stretch: 


C—C 1200 cm-" 
C=C 1660 cm~ 
C=C <2200 cm“ 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 17 


Carbon-Carbon Bond 
Stretching 


Conjugation lowers the frequency: 


— isolated C=C 1640-1680 cm-" 
— conjugated C=C 1620-1640 cm“ 
— aromatic C=C approx. 1600 cm-" 


C7 _~ some pi overlap 
iii 


less pi overlap than an isolated double bond 
1645 cm7! 1620 cm7! 
cyclohexene (isolated) cyclohexa-1,3-diene (conjugated) 
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Carbon-Hydrogen Stretching 
| 


| 
a ie sp° hybridized, one-fourth s character 2800-3000 cm7! 
\ “4 os 
gor sp” hybridized, one-third s character 3000-3100 cm-! 
H 
— Ce 


sp hybridized, one-half s character 3300 cm-! (sharp) 


°A greater percent of s character in the hybrid 
orbitals will make the C—H bond stronger. 


°The C—H bond of an sp? carbon will be slightly 


weaker than the C—H bond of an sp? or an 
spo carbon. 
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IR Spectrum of Alkanes 


wavelength (um) 
oe 3 3 4 4.5 5 5.5 6 7 8 9 10 11 2 13 14 15 16 


80 
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40 Cr 
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a l J 
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fingerprint region 


°An alkane will show stretching and bending frequencies for 
C—H and C—C only. 


°The C—H stretching is a broad band between 2800 and 
3000 cm:!, a band present in virtually all organic 
compounds. 


eIn this example, the importance lies in what is not seen, i.e., 
the lack of bands indicates the presence of no other 
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IR Spectrum of Alkenes 


wavelength (4m) 
2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16 


CH,(CH),;CH = CH) 


(b) hex-l-ene 


4 Wt 
1642 C=C stretch C—H bending 


0 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 
wavenumber (em!) 


eThe most important absorptions in 1-hexene are 
the C=C stretch at 1642 cm-! and the unsaturated 
stretch at 3080 cm-!. 


Notice that the bands of the alkane are present in 
the alkene. 
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IR Spectra of Alkynes 
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O—H and N—H Stretching 


°Both of these occur around 3300 cm-?, but they 
look different: 
—- Alcohol O—H is broad with a rounded tip. 
- Secondary amine (R,NH) is broad with one sharp spike. 
- Primary amine (RNH,) is broad with two sharp spikes. 


- There is no signal for a tertiary amine (R3N) because 
there is no hydrogen. 
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IR Spectrum of Alcohols 
Bond-Dissociation 


wavelength (um) 
3 535: 6 


C—O stretch 
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The IR spectrum of alcohols will show a broad, 
intense O—H stretching absorption centered 
around 3300 cm’. 


°The broad shape is due to the diverse nature of 
the hydrogen bonding interactions of alcohol 
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IR Spectrum of Amines 


wavelength (um) 
5.5 


dipropylamine 


(CH,;CH,CH;),NH 
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c 
E 
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wavenumber (cm °) 


*The IR spectrum of amines shows a broad N—H 
stretching absorption centered around 3300 cm. 


°Dipropylamine has only one hydrogen so it will 
have only one spike in its spectrum. 
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Ketones, Aldehydes, and Acids 


a a nl 
Oe 1710 cm e" cm “a 
RE-—C—_ Ro R—C—O-<ii 
ketone aldehyde acid - - 
2700, 2800 cm7! broad, 2500-3500 cm7! 


°The C=O bond of simple ketones, aldehydes, and 
carboxylic acids absorbs around 1710 cm‘1. 


Usually the carbonyl is the strongest IR signal. 
°Carboxylic acids will have O—H, also. 


eAldehydes have two C—H signals around 2700 
and 2800 cm. 
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IR Spectrum of Ketones 


wavelength (um) 
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°The spectrum of 2-heptanone shows a strong, 
Sharp absorption at 1718 cm- due to the C=O 
stretch. 
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IR Spectrum of Aldehydes 


wavelength (um) 
2.5 3 3:5 = 4.5 5 33 866 


saturated 
C—H stretc 


% 
i 
R 
A 
N 
Ss 
M 
| 
T 
T 
A 
N 
c 
= 


(G0) 
stretch 
| 


0 
4000 3500 3000 2500 2000 1800 1600 1400 


wavenumber (cm™ I) 


11 AL 13 14 Wil 16 


event 9 itis H 
(b) TIN aldehyde 


AIT 600 


Aldehydes have the C=O stretch around 1710 cm-1. 


°They also have two different stretch bands for the C—H 


bond at 2720 and 2820 cm}. 
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O—H Stretch of Carboxylic 
| sate one 


25 3 3:5 + 4.5 5 5: 6 7 8 9 10 11 12 13 14 15 16 


S— (0) 
stretch 


MOZPHA-ZSHOZSYPVIAX 


CH;(CH),COOH 


hexanoic acid 


0 
4000 3500 3000 2500 2000 1800 1600 1400 1200 ~~ 1000 800 600 
wavenumber (cm ly 


eThis O—H absorbs broadly, 2500-3500 cm:!, due 
to strong hydrogen bonding. 


*Both peaks need to be present to identify the 
compound as a carboxylic acid. 
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Conjugated Carbonyl 
Compounds 


about 1685 cm7! 


Gf T 

“Salas ** Se es 

i Tig, il i, 

O -1 
_— QO 1690 1687 
I i a ail 
ws Ss 97 
cyclohex-2-enone (E)-but-2-enal benzoic acid 
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Resonance in Amides 


about 1640-1680 cm7! about 1640 cm7! 
Cj | 
pet > aN , CH.CH, CH,—C—NiL 
1 1. 


°The carbonyl groups of amides absorb at 
particularly low IR frequencies: about 1640 to 
1680 cmt. 
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IR Spectrum of Amides 
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°Amides will show a strong absorption for the C=O 


at 1640-1680 cm". 


elf there are hydrogens attached to the nitrogen of 
the amide, there will be N—H absorptions around 


3300 cm. 
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Carbonyl Absorptions Above 1725 
cmt 


| about 1735 cm7! o same) I 


x S 
R—C—O—R’ CH,(CH,),C—OCH,CH, CH, CH, 
a carboxylic ester ethyl octanoate eal 
2 


cyclobutanone 


eEsters typically absorb around 1735 cm+. 


°Strained cyclic ketones absorb at a higher 
frequency because the angle strain on the 
carbonyl results in a stronger, stiffer bond. 
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Carbon-Nitrogen Stretching 


@ Pearson 


1200 cm-" 
1660 cm-' usually strong 


>2200 cm! 
<2200 cm-" (usually moderate or weak) 
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IR Spectrum of Nitriles 
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°A carbon-nitrogen triple bond has an intense and 
Sharp absorption, centered around 2200 to 2300 
cm}, 


*Nitrile bonds are more polar than carbon-carbon 
triple bonds, so nitriles produce stronger 
absorptions than alkynes. 
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Summary of IR Absorptions 


wavelength (um) 
2.9 3 3:5 4 4.5 5 5:5 6 6.5 h 8 9 10 11 12 14 16 


0 | 
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percent transmittance 


4000 3500 3000 2500 
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Table 12-2 


Shalala A ad IR Stretching 
Freq (cn 


alcohol O—H always broad 
amine, amide N—H may be broad, sharp, or broad with spikes 
alkyne — on always sharp, usually strong 
| 
3000 alkane (one just below 3000 cm=! 
| 
JH 
alkene rae just above 3000 cm=! 
acid O— very broad 
2200 alkyne —C=C— __just below 2200 cm"! 
nitrile —C=N__sjust above 2200 cm"! 
as . “J 
1710 carbonyl C=O _ ketones, acids about 1710 cm 
(very strong) aldehydes about 1725 cm™! 


esters higher, about 1735 cm= 
amides lower, about ote 
conjugation lowers frequency 


1660 alkene Se =Co conjugation lowers frequency 
aromatic C=C about 1600 cm=! 
imine C= N~ stronger than C=C 
amide pic =QO stronger than C=C (see above) 


Ethers, esters, and alcohols also show C—O stretching between 1000 and 1200 cm"!. 
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Solved Problem 1 


Determine the functional group(s) in the compound 
whose IR spectrum appears here. 


wavelength (um) 
5 3) 866 


8 9 10 11 12 13 14 15 16 


3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 
wavenumber (cm™ ly 
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Solved Problem 1 (Continued) 


Solution 


First, look at the spectrum and see what peaks (outside the 
fingerprint region) don’t look like alkane peaks: a weak peak around 
3400 cm-!, a strong peak about 1720 cm:!, and an unusual C-H 
stretching region. The C-H region has two additional peaks around 
2720 and 2820 cm-!. The strong peak at 1725 cm:! must be a C=O, 
and the peaks at 2720 and 2820 cm“ suggest an aldehyde. The weak 
peak around 3400 cm-! might be mistaken for an alcohol O-H. From 
experience, we know alcohols give much stronger O-H absorptions. 
This small peak might be from an impurity of water or from a small 
amount of the hydrate of the aldehyde (see Chapter 18). Many IR 
spectra show small, unexplained absorptions in the O-H region. 
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Strengths and Limitations 


°IR alone cannot determine a structure. 
°Some signals may be ambiguous. 
The functional group is usually indicated. 


°The absence of a Signal is definite proof that the 
functional group is absent. 


°Correspondence with a known sample’s IR 
Spectrum confirms the identity of the compound. 
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Mass Spectrometry (MS) 


°Molecular weight and molecular formula can be 
obtained from a very small sample. 


°Mass spectrometry is fundamentally different from 
spectroscopy. 


Destructive technique: The sample cannot be 
recovered. 
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Mass Spectrometry 


°A beam of high-energy electrons breaks the 
molecule apart. 


°The masses of the fragments and their relative 
abundance reveal information about the structure 
of the molecule. 
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Radical Cation Formation 


H H 

e + H:C:H —> 2e + #£=#H: Cu 
H a unpaired 
electron methane electron 


M’, radical cation 


e«When a molecule loses one electron, it then has a 
positive charge and one unpaired electron. This 
ion is therefore called a radical cation. 
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Electron Impact lonization 


e + H—C—C—H — cangivee H—C—C*H or H—C—C + H: 


molecular ion, M* m/z = 29 
m/z = 30 
ial 
or aad + » ilies or various other combinations of radicals and ions 
H H 
m/z = 15 


Other fragments can be formed when C—C or C— 
H bonds are broken during ionization. Only the 
positive fragments can be detected in MS. 
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Mass Spectrometer 


ions that are too heavy 


ion bend too little 
beam ss photo, es flight tube 


insulator ; 
4 only ions of the right mass 
electron \ gr “. can enter the detector 
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source Q * Ae as : { x 
WE slits 
es - 
nS to vacuum SO detector 
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f plate 
probe sample 
| | | recorder 
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Separation of lons 


°The most common mass spectrometer separates 
ions by magnetic deflection. 


°The mixture of ions is accelerated and passes 
through a magnetic field where the paths of | 
lighter ions are bent more than those of heavier 
atoms. 


°By varying the magnetic field, the spectrometer 
plots the abundance of ions of each mass. 


eThe exact radius of curvature of an ion's path 
depends on its mass-to-charge ratio, symbolized 
by m/z. In this expression, mis the mass of the ion 
(in amu) and zis 
its charge. 


°The vast majority of ions have a +1 charge, so we 
consider their path to be curved by an amount 
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The Mass Spectrum 


2,4-dimethylpentane 


base peak (strongest) 
defined to be 100% 


abundance 


molecular 


ion, M* 


10 20 30 40 50 60 ##$70 %80 #90 100 110 120 «130 «©140 «©1150 = 6 160 
mlz 


eIn the spectrum, the tallest peak is called the base 
peak and it is assigned an abundance of 100%. 
The % abundance of all other peaks is given 
relative to the 

base peak. 


°The molecular ion or parent peak (M*) 
corresponds to the molecular weight of the 
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Gas Chromatography-Mass 
Spectrometry (GC-MS) 


gas chromatograph mass spectrometer 
injector 


\f 
(-} Vi, 


heated oven 


He inlet 


ion 
source 


mass filter 


evacuated chamber 


a 


-The gas chromatograph column separates the 
mixture into its components. 


eThe mass spectrometer scans mass spectra of the 
components as they leave the column. 
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High-Resolution MS 


eMasses are measured to an accuracy of about 1 
part in 20,000. 


eA molecule with mass of 44 could be C,H,, C,H,0, 
CO,, or CN,H,. 


eUsing HRMS, the exact mass can be found and the 
compound successfully identified. 


C3Hg C,H4O CO, CN2H, 

a 36.00000 IE 24.00000 1C 12.00000 ie 12.00000 
8H 8.06260 4H 4.03130 4H 4.03130 
10 15.9949 1 ZO 31.98983 2N 28.00610 

44.06260 44.02621 43.98983 44.03740 
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Masses of Common Isotopes 


TABLE 12-3 
“Exact” Masses of Common 
Isotopes 

=o 12.000000 

ly 1.007825 

169 15.994914 

lan] 14.003050 
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Molecules with Heteroatoms 


elsotopes are present in their usual abundance. 


°Carbon has a 33C isotope present in 1.1% 
abundance. The spectrum will show the normal M* 
and small M+1 peak. 


°Bromine has two isotopes: ’°Br (50.5%) and ®!Br 
(49.5%). Since the abundances are almost equal, 
there will be an M* peak and an M+2 peak of 
equal height. 
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Isotopic Abundance 


TABLE 12-4 


Isotopic Composition of Some Common Elements 


Element 
hydrogen 
carbon 
nitrogen 
oxygen 
sulfur 
chlorine 
bromine 


iodine 


@ Pearson 


uit 
lH 100.0% 
ie 98.9% 
l4ny 99.6% 
sO 99.8% 
aS 95.0% 
=] 75.5% 
Bt 50.5% 
iT 100.0% 


1.1% 
0.4% 


0.8% 


Y@) 
349 
370] 


8Ipy 
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0.2% 
4.2% 
24.5% 
49.5% 
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Mass Spectrum with Bromine 


M* and M+2 
CH,— CH,—CH,—Br similar suggests Br 
M* 


abundance 


122 (C3H7/°Br) \ M+2 
124 (C3H;*'Br) 


10 20 30 40 50 60 70 80 90 100 110 120 130 140 150° = 160 
m/z 


*Bromine is a mixture of 50.5% 7°Br and 49.5% ®!Br. 
The molecular ion peak M* has 7°Br as tall as the 
M+2 peak that has ®'Br. 
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Mass Spectrum with Chlorine 


100 


Cl 
80 | 


Ht CH Ce, 
60 M+2 a third as large 
as M* suggests Cl 


abundance 


Mt 
40 ; 
78 (C3H7*°Cl) 


°Chlorine is a mixture of 75.5% Cl and 24.5% 3’Cl. 
The molecular ion peak Mt is three times higher 
than the M+2 peak. 
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Mass Spectrum with Sulfur 


100 
80 CH,— CH,— S— CH, 
8 60 76 Mt 
5 
2, 
= 
5 40 
S 
20 


10 20 30 40 50 £60 —= «270 80 90 100 110 120 130 140 =«=150—~= = 160 
m/z 


°Sulfur has three isotopes: 37S (95%), 33S (0.8%), 
and 34S (4.2%). 


eThe Mt peak of ethyl methyl! sulfide has an M+2 
peak that is larger than usual (about 4% of M*). 
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Mass Spectrum of n-Hexane 


‘ Pd Min ag id 


CH, — CH) — CH, —CH, — Ch, —CH, 


hexane 


abundance 


90 100 110 120 130 140 150 160 


m/z 


°Groups of ions correspond to loss of one-, two-, 
three-, and four-carbon fragments. 
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Fragmentation of the Hexane 
Radical Cation 


m/z of the charged 


fragment on this side 
of the broken bond “Shy, 


57 
ranemcars. enone * ~=—+s  CH,CH,CH,CH,* + ~~ -CH,CH, 
hexane radical cation 1-buty! cation ethyl radical (29) 
M* 86 detected at m/z 57 not detected 
29 
[CH,CH,CH,CH, | CH,CH,]'’ —>  CH,CH,CH,CH,; + *CH,CH, 
hexane radical cation 1-butyl radical (57) ethyl cation 
M* 86 not detected detected at m/z 29 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 57 


Mass Spectrum of 2- 
Methylpentane 


100 


| CH,— Cih—CH,—CH, ch, 
80 | | 2-methylpentane 


abundance 
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Fragmentation of Branched 
Alkanes 


CH, 


CH.CH,CH,—CH +  -CH, 


ots + we 2-pentyl cation methyl radical 
CH,CH,CH,+CH-+CH, — 


2-methylpentane radical cation Ss CH 
3 
m/z 86 | 


*CH—CE. + CH,CH.CH, : 
isopropyl cation propyl radical 
m/z 43 (base peak) 


e The most stable carbocation fragments form in 


greater 
amounts. 
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Resonance-Stabilized Cations 


°Fragmentation in the mass spectrometer gives 
resonance-stabilized cations whenever possible. 
The most common fragmentation of alkenes is 
cleavage of an allylic bond to give a resonance- 
Stabilized allylic cation. 


ie, 


[R—-CH=CH—CH,+R'y! —» [R—-CH-=CH+CH, <>» R—CH—CH=CH] + ‘RB’ 


allylic cation 
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Mass Spectrum of Alkenes 


Resonance-stabilized cations are favored. 


y allylic position 


H CH55 cy! H CH, H CH, 
XS oe 3 \ Je X\ VA 
Rc. CHY —> Note’ <> pened + 4CH,CH; 
H3C H cleave here H3C H H3C H 


methallyl cation, m/z 55 


abundance 
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Benzylic Cation 


Hp 


4 
CH,+R +CH, CH, CH, CH, 
O - O-a7aTa _ 
+ 


benzylic cation 


*Compounds containing aromatic rings tend to 
fragment at the carbon next to the aromatic ring. 


-Such a cleavage forms a resonance-stabilized 
benzylic cation. 
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Mass Spectrum of Alcohols 


Alcohols often lose water. 


jaan 
See pa |t 
——c— — | Sc=c¥ | + HO 
even m/z even m/z loss of 18 


a cleavage of an alcohol 


OH + OH +OH 
P| | I | 
a a ee ie ee ee 


resonance-stabilized 
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MS of 3-Methylbutan-1-ol 


1. 
H,O + | CH,—CH—CH=CH, | m/z 70 
| 
CH;—CH—CH)—CH,—OH | ~ 7 4 
H,O + ‘CH, + ‘old <> 
: \ aN + 
CH; CH=CH, CH, CH—CH, 
allylic cation m/z 55 
(base peak) 


55 | (M—18-15) 


CH; — CH — CH, — CH, — OH 


abundance 


3-methylbutan- | -ol 
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